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Research Article
Efficient optimization of ultra-high-
performance supercritical fluid
chromatographic separation of Rosa sericea
by response surface methodology
An approach for rapid optimization of ultra-high-performance supercritical fluid chromato-
graphic (UHPSFC) gradient by response surfacemethodology was developed for fast separa-
tion of complex crude extracts of the leaves of Rosa sericea. The optimization was performed
with Box–Behnken designs and the multicriteria response variables were described using
Derringer’s desirability. Based on factorial design experiments, five factors were selected for
Box–Behnken designs to optimize the UHPSFC conditions, which led to 46 experiments
being performed within 8 h. An evaporative light-scattering detector (ELSD) was used, and
quantitative analysis ofmain components inR. sericea samples was employed to evaluate the
statistical significance of the parameters on UHPSFC-ELSD analytes response. The results
indicated that the optimized UHPSFC-ELSDmethod is very sensitive with LODs and LOQs
below 1.19 and 4.55 g/mL, respectively. The overall intra- and interday variations were
less than 3.91 and 6.41%, respectively. The recovery of the method ranged from 95.66 to
104.22%, with RSD < 5.91%. This newly developed UHPSFC-ELSD method was demon-
strated to be fast and sensitive in analyzing complex herbal extracts of Traditional Chinese
Medicines.
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1 Introduction
Supercritical fluid chromatography (SFC) is a widely used
separationmethod that has developed rapidly since the 1980s
[1]. The potential of SFC has long been demonstrated for
the analysis of compounds not easily amenable to GC owing
to their poor thermal stability or volatility. It also has better
detection features and kinetics than LC [2–5]. SFC provides a
large choice of stationary phases as most of its mobile phase
is CO2, which can be easily converted to the supercritical
state, and its critical temperature and pressure are 31.1C
and 7.38 MPa, respectively. Moreover, SCCO2 is nontoxic,
nonreactive, inexpensive, and easy to handle. Therefore, SFC
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is characterized as a high resolution, high flow rate, and green
separation technology, and offers a wide range of separation
modes with variable modifiers [3, 6–11].
In recent years, the use of SFC for solving analytical prob-
lems of chiral or achiral samples in clinical and pharmaceu-
tical settings has attracted increasing interest [12–15]. How-
ever, there is still a limited amount of information available
on the use of SFC in the separation of multiple constituents
in complex herbal extracts [16]. It is still difficult to obtain
the optimal chromatographic conditions as there are many
variable factors, such as stationary phase, column tempera-
ture [6], flow rate [17], andmodifiers [8]. In order to develop an
applicable method, many experiments should be performed
taking into consideration the variable factors.
Response surface methodology (RSM) is a widely used
optimization approach for chromatographic study. Quadratic
polynomial model is considered to be the most appropriate
solution for building response surface to predict the opti-
mized chromatographic conditions [18, 19]. The prime ad-
vantage of RSM is the ability to acquire useful information
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about the system by performing a minimal number of
experiments without prior knowledge of the compositions
or physicochemical properties of the tested samples [18, 20].
Box–Behnken designs (BBDs) are a class of rotatable or nearly
rotatable second-order designs based on three-level incom-
plete factorial designs. They are more efficient than other re-
sponse surface designs since they can be used to establish a
quadratic response surface [18–20]. These designs have been
successfully used inmany fields, such as laser-dicing technol-
ogy [21], fermentation conditions [22], extraction including
accelerated solvent extraction [23–27], mechanochemical sci-
ence [28], nonaqueous micellar EKC [29], HPLC [30], and
ultra-high-performance liquid chromatography (UHPLC)
[31, 32]. However, according to our knowledge, there are no
reports on the use of BBD designs in the optimization of
ultra-high-performance supercritical fluid chromatography
(UHPSFC) for complex herbal extract separation.
In the present study, a new efficient optimizationmethod
using RSM was developed to obtain optimal UHPSFC gra-
dient for rapid separation of Rosa sericea that belongs to the
genus of Rosa. The fruits and roots of these species have
been used medically for their anti-Helicobacter pylori, cyto-
toxic, multidrug resistance reversal and radical scavenging,
anti-HIV, antibacterial, antioxidant, antitussive, antidiabetic,
and anti-inflammatory properties [33–36]. The main com-
positions of R. sericea are fatty acids, phenolic derivatives,
flavonoid glycosides, triterpenoids and glycosides. Consider-
ing the complexity of the compositions of R. sericea, a total of
46 experiments were performed in only 8 h to determine the
optimum point. In these experiments, factorial designs were
initially used to screen the factors, and BBDs were used for
the optimization of chromatographic conditions due to their
efficiency and flexibility [19]. Derringer’s desirability func-
tion [37] was also applied in selecting the optimum chro-
matographic conditions for the separation of R. sericea. In the
whole designed experiments, the maximum peaks and reso-
lution of each adjacent peak of 1.5 were expected. Therefore,
criteria including peak number and resolution were built as
desirability limits. The novelty of this research comes from
the improvement of the optimization steps accomplished by
the application of Derringer’s desirability function to opti-
mize theUHPSFCgradient to separate complex leave extracts
of R. sericea.
2 Materials and methods
2.1 UHPSFC system
The separation was carried out on the Waters ACQUITY
UPC2 system (ACQUITY Ultra Performance Convergence
ChromatographyTM Waters, USA). A binary solvent delivery
pump that possessed a 250 L mixing chamber and was
compatible with mobile phase flow rates up to 4 mL/min and
pressures up to 414 bar (upper pressure limit was 414 bar
at 3.25 mL/min and 293 bar at 4 mL/min) was equipped to
perform this, together with an autosampler that included a
10 L loop, a column oven compatible with temperatures up
to 90C.AUVdetector with a detectionwavelength of 210 nm,
and 1800 psi back pressure was controlled with a back pres-
sure regulator. The outlet regulator tube was heated to 70C
to avoid dry-ice formation during the CO2 depressurization.
The eventually employed detector was an evaporative light-
scattering detector (ELSD), which was Waters ACQUITYTM
that was connected to the outlet capillary. The general condi-
tion was 30 psi for the nebulizer gas (N2); drift temperature
was 50C.
Three columnswere selected to perform the experiments.
Column 1: ACQUITY UPC2TM BEH 2-EP (2-ethylpyridine)
1.7 m 3.0 × 100 mm; column 2: ACQUITY UPC2 TM BEH
1.7 m 3.0 × 100 mm; column 3: ACQUITY UPC2 TM HSS
C18 SB 1.8 m 3.0 × 100 mm.
Most of the mobile phase was CO2 (A), and three mo-
bile phases B1–B3 were prepared: methanol with different
concentrations of additive (trifluoroacetic acid (TFA); B1:
methanol; B2: methanol with 0.05% TFA; B3: methanol with
0.1% TFA).
2.2 Software and the experimental designs
Data were recorded using Masslynx V 4.1 software (Waters,
USA); data analysis and designs were performed by using the
software Minitab 16.0. First, factorial experimental designs
were performed to obtain the factors for BBDs (Supporting
Information Table S1). Then five factors of UHPSFC elut-
ing condition were optimized by BBD, including (1) gradient
time T_I (min); (2) ratio of mobile phase B methanol_I (B%)
for the first solvent gradient; (3) gradient time T_II (min); (4)
the ratio of mobile phase B methanol_II (B%) for the second
solvent gradient; (5) concentration of TFA. The mobile phase
of initial gradient was 1% of B, and a gradient was preformed
according to each designed experiment in Supporting Infor-
mation Table S2: linear gradient from 1% to methanol _I
(B%; 0 to T_I, min), linear gradient from methanol_I (B%)
to methanol_II (B%; T_I to T_II, min), linear gradient from
methanol_II (B%) to 35% B (T_II—16 min), and linear gra-
dient from 35 to 1% B (16–17 min).
2.3 Sample preparation
The leaves ofR. sericea (collected fromMaoxian in Sichuan, P.
R. China, in July 2011. The samples were identified by Prof.
Xinfen Gao, Chengdu Institute of Biology, Chinese Academy
of Sciences, Chengdu, P. R. China. The voucher specimen
had been deposited in the herbarium of the Chengdu Insti-
tute of Biology, Chinese Academy of Sciences. Herbarium
no. 110716) were powdered and 0.25 g of the powder was
extracted with 10 mL methanol three times. The extracted
solution was combined and the solvent was evaporated, and
the residues were dissolved with isopropanol in a 25 mL
volumetric flask, filtered with 0.22-m organic microporous
membrane filter. Then the filtrate 1 L was directly injected
into the UHPSFC instrument for analysis. Nine reference
compounds (Fig. 1), namely gallic acid (1), ursolic acid (2),
19-OH ursolic acid (3), euscaphic acid (4), rosamultin (5),
C© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.jss-journal.com
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Figure 1. Structures of nine ref-
erence compounds identified from
Rosa sericea.
maslinic acid (6), 2,3,19-OH ursolic acid (7), -sitosterol
(8), daucosterin (9) were isolated from R. sericea and were
identified based on IR, UV, and NMR spectroscopic analy-
sis. They were accurately weighed 1 mg, and dissolved in
1mL isopropanol, filtered with 0.22morganicmicroporous
membrane filter to be the stock solution.
3 Results and discussion
3.1 Screening the columns
Since column screeningwas useful prior tomethod optimiza-
tion, three UHPSFC columns (column 1: BEH 2-EP; column
2: BEH; and column3:HSSC18 SB)were used to separate the
crude extracts of the leaves of R. sericea under the same mo-
bile phase and detection parameters (the gradient was from 1
to 35% B3 (methanol with 0.1% TFA) within 20 min, the flow
rate was 1.5 mL/min, the column temperature was 50C, the
backpressure was 1800 psi). The information obtained from
the experiments indicated that better separation was achieved
on HSS C18 SB column. Hence, HSS C18 SB was selected as
the column to perform the next optimization.
3.2 Response criteria and factorial experiments
The chromatographic conditions were commonly judged by
the peak number, the resolution of adjacent peaks, and the
analysis time.With the expectation that as many components
C© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.jss-journal.com
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Table 1. Multicriteria decision making criteria and desirability
limits for the optimization of variables on UHPSFC elu-
tion gradient through desirability response
Variables Individual Optimization
optimization response criteria/desirability
and Derringer limit
desirability
function
R =  Din Di = resolution
between any two
adjacent peaks
d =
⎧⎨
⎩
0 if RA < 0.75
1 if RA > 1.5
RA
1.5 if 0.75 < RA < 1.5
⎫⎬
⎭
Total peaks The number of the all peaks
as possible in the extracts of R. sericea could be examined by
ELSD, the analysis time was not taken into account. The se-
lected criteria for optimization are listed in Table 1. A simple
and direct criterion based on total peaks and standard mean
resolutions was established. The resolution of each adjacent
couple peaks was expected to reach 1.5, therefore, when the
resolution was greater than 1.5, it was labeled as 1, indicat-
ing that the adjacent couple peaks were completely separated.
When the resolution was <0.75, it was labeled as 0, mean-
ing that the peaks could not be entirely separated. According
to the literatures [6, 17] and our previous experiences, the
flow rate, column temperature, solvent gradient, and con-
centration of additive may influence the UHPSFC separation
and response. Therefore, the two-level partial factorial experi-
ments were designed, which include 16 experiments to select
the factors forBBDdesigns, and three experiments to evaluate
the errors and curvature (Supporting Information Table S1).
The significant factors as determined by the Pareto diagram
(Supporting Information Fig. S1) were the ultimatemethanol
concentration and the time of gradient when the maximum
peaks were detected. TFA was also found to be a key factor in
determining the resolution.
3.3 BBDs used to optimize the UHPSFC conditions
Frompreliminary experiments, some small polar compounds
such as fatty acids and phenolic derivatives in the extracts
might interfere the detection of triterpenoids and their gly-
cosides by ELSD detector. Hence, two gradients should be
adopted to achieve the better separation of different types of
components. Therefore, with the results of the factorial ex-
periments, five factors were selected for BBDs. A total of 46
experiments were assayed by simultaneously varying the gra-
dient step and the concentration of TFA. As shown in the
Supporting Information Table S2, responses considered be-
ing relevant in the optimization of total peaks and resolution
were combined in the Derringer desirability function. The
initial composition of the mobile phase was 1% B (including
B1–B3), and the end point of the first linear gradient was op-
timized by varying B from 3 to 10% within 8 min. This range
allowed a complete separation of small polar compounds such
as fatty acids and phenolic derivatives. The second gradient
step was optimized with 10–35% of B in 8–15 min for better
separation of triterpenoids.
BBDs are experimental designs for RSM, in which non-
linearity can be illustrated by the equation that contains the
second-order model as follows:
y = 0 + 1x1 + 2x2 + 3x3 + 4x4 + 5x5 + 6x1x2
+7x1x3 + 8x1x4 + 9x1x5 + 10x2x3 + 11x2x4
+12x2x5 + 13x3x4 + 14x3x5 + 15x4x5 + 16x21
+17x22 + 18x23 + 19x24 + 20x25 ,
where  is the coefficient; x1−5 represents each factor: x1 was
the gradient time T_I (min), x2 was the ratio of mobile phase
B methanol_I (B%) for the first solvent gradient, x3 was the
gradient time T_II (min), x4 was the ratio of mobile phase B
methanol_II (B%) for the second solvent gradient, x5 was the
concentration of TFA; xi xj is the interaction term; x2i is the
quadratic term.
In this study, the weight of the criteria should be set
up before the optimization. With the expectation of as many
peaks as possible showed on the chromatogram, the max-
imum peaks number was prior to the R, and the ratio be-
tween total peaks and resolutions was set up based on the
maximum value of Derringer’s desirability function. As the
weights were set as 4 for peak number and 1 for resolution,
the value reached its maximum 0.7831.
Coefficients of the model was calculated using the soft-
ware Minitab and the predicted model was based on the fol-
lowing equations:
y = 19 − 6x1 + 4x2 + 1x3 + 1x4 + 3x5 + 714x1x5 − 667x2x5
− 267x3x5 + 875x4x5 − 5 416 667x25 , (1)
y = −1 + 739x5 − 9x1x5 + 13x2x5 − 28x3x5 − 9x4x5
+ 220 795x25 . (2)
Equation (1) was the total peaks model; Eq. (2) was the
standard mean resolution (R). Both equations fitted into the
second-order polynomial equation within acceptable limits
and the maximum value could be computed from these two
equations.
To estimate the quality of themodel and validate it, analy-
sis of the variance (ANOVA) and the values of residuals from
the least squares fit were examined. In the ANOVA displayed
in Supporting Information Table S3, for total peaks, the key
factors were time_I (P < 0.1), concentration of TFA (P <
0.1), the methanol_I of quadratic (P < 0.1), and the inter-
action of time_I with concentration of TFA (P < 0.1). For
resolution (R), important factors include the gradient_II, the
concentration of TFA and the interaction of gradient_II with
C© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.jss-journal.com
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Figure 2. The main effect plots
of independent factors on multi-
criteria desirability and the opti-
mized conditions.
the time_II, and the time_II with TFA. The quadratic ef-
fects of interactions between factors on the multicriterion
Derringer’s desirability were displayed in the Supporting In-
formation Fig. S2.
Thebest optimal gradient condition,which resulted in the
most peaks with the best resolution within a short analysis
time, was obtained as the multicriteria desirability response
reached its maximum (Fig. 2). The condition was that for
the initial gradient step, in which B varied from 1 to 6.5%
in 6 min, and the second gradient step, in which B varied
from 6.5 to 27.5% in 6–13 min and the concentration of TFA
was 0.08%. After the second step, the methanol percentage
was increased up to 35% with the curve 1 in 3 min for a
complete column wash (the chromatograms obtained by nor-
mal conditions in experimental design compared with the
optimal condition are displayed in Supporting Information
Fig. S3).
3.4 Method validation
Under the optimized gradient condition, a mixed standard of
nine reference compounds, namely gallic acid (1), ursolic acid
(2), 19-OH ursolic acid (3), euscaphic acid (4), rosamultin
(5), maslinic acid (6), 2, 3, 19-OH ursolic acid (7), -
sitosterol (8), daucosterin (9) were baseline separated (Fig. 3).
In order to assess the robustness of the optimized conditions,
quantification of five major triterpenoids in the leaves of R.
sericea were selected to evaluate the sensitivity and precision
of the optimized UHPSFC method.
3.4.1 Linearity and sensitivity
The sensitivity of the method was evaluated by determining
LOD and LOQ. The LODs and LOQs were defined as the
concentration of S/N of 3 and 10, respectively. These pa-
rameters were determined by analyzing the series of diluted
standard solution. The developed method was very sensitive
with LODs < 1.19 g/mL and LOQs < 4.55 g/mL, respec-
tively. The linearity of the five reference compounds were
plotted based on linear regression analysis of the integrated
peak areas (y) versus concentration (x, g/mL) of the stan-
dard solution at six different concentrations. The linearity
of these standard curves is adequate, and the r2 values of
the five reference compounds ranged from 0.9929 to 0.9995
(Table 2).
3.4.2 Precision, accuracy, and stability
Method precision was checked by intra- and interday variabil-
ity. Supporting Information Table S4 summarizes the preci-
sion of the method from assaying the standard solutions six
consecutive times a day for intraday variability, and analyzing
the standard solution in three successive days for the interday
variability. The intra- and interday precisions were measured
to be within 3.91 and 6.41%, respectively, indicating accept-
able precision of the proposed method.
Recovery was explored for the method accuracy. It was
carried out by spiking an accurate amount of the five stan-
dards into the sample extract, and then extracting and an-
alyzing it under the optimized method in six replicates.
C© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.jss-journal.com
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Figure 3. The chromatograms of UHPSFC-ELSD method in separating leaves extract of Rosa sericea with the optimized conditions (A);
chromatogram of nine reference compounds that analyzed with the optimized conditions (B); peaks for gallic acid (1), ursolic acid (2),
19-OH ursolic acid (3), euscaphic acid (4), rosamultin (5) maslinic acid (6), 2,3,19-OH ursolic acid (7), -sitosterol (8), daucosterin (9).
Table 2. Regression equation, linear ranges, correlation coefficients, LODs, LOQs of the method by UHPSFC-ELSD
No. Compounds Regression equation Linear range (g/mL) r2 LOD (g/mL) LOQ (g/mL)
2 Ursolic acid y = 54.61x − 755.85 10–400 0.9995 1.01 2.7
3 19-OH ursolic acid y = 83.54x − 1563.61 10–400 0.9984 0.81 1.35
4 Euscaphic acid y = 54.98x − 1361 10–400 0.9929 1.19 1.67
7 2,3,19-OH ursolic acid y = 44.88x − 535.9 10–400 0.9991 1.18 4.55
8 -Sitosterol y = 55.57x − 821.4 10–400 0.9992 0.71 1.85
The amount of each analysis was calculated from the
corresponding calibration curve. The recovery of the method
was in the range of 95.66–104.42%, with RSD < 5.91%.
The stability of the sample solution stored at 4C was
tested on three consecutive days. Injections were performed
at 0, 12, 24, 48, and 72 h. Variations were expressed as RSDs,
and showed that the five reference compounds in the sample
solution were stable for 72 h.
The adequate sensitivity and precision of the results in-
dicated method feasibility for determining crude plant sam-
ples, thus the optimized UHPSFC-ELSD method was subse-
quently applied to the simultaneous quantitative analysis of
five triterpenoids in the extracts of R. sericea. The contents
of the five marker compounds were analyzed by a regression
equation, as shown in the Supporting Information Table S4.
The results indicated that moderate contents of triterpenoids
with 1.49–4.56 mg/g were in R. sericea.
4 Concluding remarks
For the first time, an efficient method for the optimization
of major factors that influence the gradient conditions of
UHPSFC in the analysis of the crude extracts of the leaves
of R. sericea was achieved with the surface response method-
ology BBDs. The factorial design experiments gave us the
maximum factors for BBDs. In addition, multicriteria deci-
sionmaking was used to allowmore criteria to be considered,
which made the results more reliable. Under the optimal
condition, five triterpenoids were quantified in this herbal ex-
tracts with the deduced retention rules in 17 min. Compared
to the conventional SFC method, this optimized UHPSFC-
ELSD method offered shorter analysis time and more sen-
sitive detection of the triterpenoids in plant matrices. It was
proven that this approach was a fast, highly efficient, and sol-
vent conserving way to perform BBD optimization on herbal
extracts with complex components.
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